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S U M M A R Y
The  resea rch  desc r i bed  i n  t h i s  t hes i s  i s  pa r t  o f  t he
work rvhich is  being done in the laboratory of  s t ructura l
chemist ry  1n Groningen on the accurate determinat j .on and
in te rp re ta t j - on  o f  e l ec t ron  dens l t y  d i s t r j - bu t i ons  i n  c r ys ta l s .
The  expe r imen ta l  dens i t i es  a re  ob ta ined  by  X - ray  d i f f r ac t i on .
Our  i n te res t  i s  f ocussed  on  the  s tudy  o f  t he  e lec t ron  dens i t i es
on  s ing le ,  doub le  and  t r i p l e  C -C  bonds .  Fo r  t he  expe r lmen ta l
work we have chosen a ser ies of  compounds der ived f rom










P cu^ - c-cH^r_p l ,
OH
where p is  a s ingle,  double or  t r ip le bond.  The compounds are
n a m e d  I ,  I l - c i s  a n d  I I - t r a n s ,  a n d  I I I ,  r e s p e c t j - v e l y .  T h e  f r r s t
pa r t  o f  t h i s  t hes i s  dea l s  w i t h  t he  s t ruc tu re  de te rm ina t i ons
o f  I l - c i s  and  l l - t r ans  a t  -  16OoC.  I n  t he  second ,  more  theo re -
t i ca l  pa r t  a  d i scuss ion  i s  g i ven  o f  p rob lems  a r i s i ng  f r om the
fac t  t ha t  s ta t i c  dens j - t i es  ob ta ined  f rom va lence  theo ry  mus t
be  compared  w i th  dynamic  dens i t i es  obse rved  by  X - ray  d i f f r ac t i on .
I n  add i t i on ,  se r i es  t e rm ina t j - on  e r ro rs  and  svs tema t i c  e r ro rs
in  t he  pa rame te rs  a re  s tud led .
Structure determlnat  ions
Crys ta l s  o f  f l - t r ans  and  l l - c i s  we re  g rown  f rom the
substances prepared accordlng to Hof fmann (1968) and Tedeschi
( L 9 6 2 )  r e s p e e t i v e l y  ( p a r .  2 . L a  a n d  2 . 1 c ) .  N o  s p e c j . a l  p r e c a u t j - o n s
were  taken  to  ob ta in  ve ry  accu ra te  l n tens i t i es  as  t he  wo rk
was set  up to check whether  the compounds would be sui table
for  nore accurate work.  Thls appeared to be the case for
I l - t r ans ,  bu t  no t  f o r  l l - c i s .  Fo r  a  p re l im ina ry  commun ica t i on
see  He lmho ld t ,  Buys ink  e t  a l  
.  
( 1972 )  
.
The  resu l t s  o f  t he  s t ruc tu re  de te rm lna t i ons  a re  desc r i bed
j . n  t he  chap te rs  I I I  and  IV .  I l - t r ans  appea rs  t o  con ta in  wa te r
o f  c r ys ta l l i za t i - on  and  has  the  compos l t i on  I l - t r ans . fH2O.  f ne
u n i t  c e I l  o f  t h e  t r i c l i n l c  ' I l - c i s t  c r y s t a l  c o n t a i n s  t w o
I I - c i s  mo lecu les ,  r e l a ted  by  an  l nve rs ion  cen t re ,  and  a  t h l r d
rmo lecu le r ,  wh i ch  i - s  pa r t l y  I  bu t  p redominan t l y  l l - t r ans ,  on
( r , + , t > ;  T h e  c r y s t a l l o g r a p h i c  d a t a  a r e  g i v e n  i n  t a b l e s  I I I . 1
br-------
I80
and  I I I . 2 .  P ro jec t i ons  o f  t he  s t ruc tu re  a re  f ound  i n  f i gs
I V . 1  a n d  I V . 2  f o r  I l - t r a n s ,  a n d  i n  f i - g s  I V . 3  a n d  I V . 4  f o r
I I - c i s .  Due  to  hyd rogen  bond ing  ( f o r  de ta i l s  see  tab le  IV . l - )
I l - t rans forms layers perpendicular  to  t lne z ax is ,  whereas
t . i r e  s t ruc tu re  o f  l l - c l s  con ta ins  cha ins  a long  the  z  ax i s .
Due  to  t he  d i so rde r ,  ou r  c r ys ta l s  o f  l l - c l s  a re  no t
su j . t ab le  f o r  more  accu ra te  wo rk .  Howeve r ,  t he  resu l t s  a re
su f f i c i en t l y  accu ra te ,  t o  show i -n te res t i ng  d l f f e rences  be tu 'een
the  geomet r i es  o f  t he  I I - c l s  and  I I - t r ans  mo lecu les .  Bond
leng ths  and  ang les  a re  f ound  rn  t ab les  IV .2  and  IV .3 .  The
a lg les  C=C-C  i n  I I - c i , .  ( 1320 )  a re  s i gn l f  i can t l y  l a rge r  t han
i n  I l - t r a n s  ( 1 2 6 0 )  ,  d u e  t o  s t e r i c  e f f e c t s .  D i f f e r e n c e s  b e t w e e n
C-C i londs c i rn be ascr lbed r - -o c i i f ferences in  hybr id j -zat lon
and  to  s te r i - c  e f f ec t s .  No  exp lana t l on  l r as  been  found  fo r  t he
c.rbserved large value f  or  one of  the C-O bonds in l l - t rans.
D i f f e rence  syn theses  i n  t he  pJ -ane  o f  t he  e thene  ske l . e tou  o f
bhe  t r vo  mo iecu les  ( f i gs  IV .5  and  6 )  show max ima  on  the
. l< rub le  bonds  o f  0 .69 (  =  O .L2 )  
" . 8 -3  
f o r  l l - t r ans  and  o f
0 . 5 3 (  =  0 . o g )  
" . 8 - 3  
f o r  I I - c i s ;  s e c t l o n s  p e r p e n d i . c u l a l  t o
the  doub le  bonds  a re  g i ven  i r i  f  i - g  IV .7 .
!o1si -dgr?t ior  of_vrb:a l ioqr  and l ibrat lons
The  theo re t i ca l -  ca l cu la t i ons  a re  done  on  the  s imp les t
hSrc l roca rbon  w i th  a  CPC bond ,  name ly  e thyne .  The  s ta t i c  dens i t y
was obta ined by the SCF-ICAO-I ' {O method by use of  an extended
GTF bas i s  se t  ( t ab le  V .2 ;  t h i - s  r vo rk  was  done  by  d rs .  G .  A .
va . r : .  de r  Ve lde ) .  Wher r .  ca l cu la t i ng  t he  dynamic  dens i t y  ( t h i s
r s :  t he  l ime  ave raged  dens i t y  f o r  a l l  mo lecu la r  geomet r i es
ano posi t ions c iue to v i t r rat j -ons and l - j -brat ions)  the
fo j - lowing approximat ions were made.
1 .  T h e  M O ' s  g i v e n  i n  t a b l e  Y . 2  a r e  u s e d  f o r  a l l  m o l e c u l a r
geomet r i es  (apa r t  f r om a  reno rma l i za t i on  f ac to r  ob ta ined
by  ca l cu la t i ng  t ime  ave raged  ove r l ap  i n teg ra l s ) "  Acco rd ing
to Coulson and Thomas (L977),  who consldered d iatonic
mo lecu les ,  r e l i ab le  t ime  ave raged  dens i - t i es  a re  ob ta j -ned
i n  t h i s  w a y .
2 .  I n te rna l  v i b ra t i . ons  and  ex te rna l  v i b ra t i ons  and  l - i b ra t i ons
are harmonj-c  and lndependent  of  each other .
3 .  The  l l b ra t i on  ang les  a re  sma l1 .  Th i s  i s  co r rec t  f o r  s t ruc -
ture deterrn inat lons at  low temperatures.
V a r l o u s  d i f f e r e n c e  d e n s i t i e s  a r e  s h o w n  i n  f  1 9 . Y . 2 :
a .  T h e  s t a t i c  d e n s l t y .
b .  The  dynamic  dens i t y  based  on  i n te rna l  v i b ra t i ons ,  as  g i ven
by  the  spec t roscop i c  wo rk  o f  Me is ingse th  and  Cyv in  (1961 ) ,
and  ex te rna l  r i g i d  body  t rans la t i ons  ( see  tab le  V .5 ) .
c .  The dynamlc dens
va lues  o f  b  f o r
i n te rp re ted  as  r
D \
Res idua l  ( ' r i  '  va
i n t e r n a l  v i b r a t i
The  sma l l  d i f f
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E r r o r s  a r i s i n g
that  l  ibrat  lonal  rno
a rc  s l r own  i n  f  i g  V .
( f  o r  t l i e  f  r ee  a tom I
pe rpend i cu la r  C -C  (
The  two  d l f f e rence  ,
s i rould be noted that
FiS VI  .  8b s i rorvs tha
b 1  s h l f  L i r r g  C  ( v r b r '
ob ta lnec l  i - n  usua l  X .
1956b )  
.  The  i - i pp l cs
b 5  t  l r ( .  L t ' i L u s l i i L i o n a .
b c  c o r c f u d o d  L h a t  e l
L r e a I  i n p '  I  i h r n t i o n s
c o m p e n s a t e d  b y  t h e  z
S e r res_t  erminat  ion_<
To  s tudy  these
the  e thyne  s t ruc tu r r
F (exp )  we re  ca l cu la r
n r o l e c u l a r  s c a t t e r i n i
t he  co r respond ing  f
D ( e x p ) ,  ( f o r m u l a  6 .
re f  l ec t i - ons  u , i t h  S  ,
AIso srnal l -  errors o
provj -ded that  thev
w i t t r  O  <  S  <  2 , 4  R '
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,  large
factors of  C and H
c.  The dynamic densi ty  corresponding
values of  b for  each of  the atoms
in te rp re ted  as  r i g i d  body  t rans la t
D \
Res idua l  ( u i '  va lues  fo r  hyd rogen
i n t e r n a l  v i b r a t i o n s .
The  sma1 l  d i f f e rences  be tween  the  dens i t i es  b  and  c  l ead
to  t he  fo l l ow ing ,  impor tan t  conc lus  j . on :  Re l i ab l -e  dynamic
d i f f e rence  dens i t i es  can  be  ca l cu la ted  w l thou t  n iak ing  use  o f
spec t roscop i c  ana l yses  o f  t he  i n te rna l  no rma l  v i b ra t i ons .
E r ro rs  a r i s i ng  j - n  t he  d i f f e rence  dens i t y  due  to  t he  f ac t
t ha t  l i b ra t i ona l  mo t i ons  a re  accoun ted  fo r  by  l i uea r  v i b ra t j - ons
a re  sho rvn  i n  f i g  V .3  ( f o r  t he  e thyne  mo lecu le )  and  l n  f i g  V I .8a
( fo r  t he  f  r ee  a tom s t ruc tu re ) .  P r i nc ipa l  axes  o f  l i f u ' q t  j - on  a re
p e r p e n d r c u l a r  C - C  ( t h r o u g h  t h e  c e n t r e ) ,  b o t h  w l t h ( o 4 ) 2  -  4 0 .
The  two  d i f f e rence  dens i t i es  a re  p rac t i ca l l y  t he  same.  I t
should be noted that  the errors on the bouds are r tegl ig i -b ly  smal l
F ig  V I .8b  sho rvs  t ha t  t he  s t rong  s lope  a t  C  can  be  e l im ina ted
by  sh i f t i ng  C  ( v i b ra t i on )  i o  t he  pos i t i on  expec ted  to  be
ob ta lned  i n  usua l  X - ray  d i f f r ac t l on  re f i - nemen ts  (C ru i ckshank ,
1956b ) .  The  r i pp les  a round  C  a re  expec ted  to  be  smeared  ou t
by  t he  t rans la t i ona l  mo t i - ons  o f  t he  mo lecu les .  I t  can  thus
be  conc luded  tha t  e r ro rs  rn  t he  d i f f e rence  dens i t y  due  to
t rea t l ng  l i b ra t i ons  as  l i nea r  v i b ra t i ons  a re  l a rge l y
compensated by the atomic shj - f ts  dur ing the X-ray ref inement , .
Serres_terminat ion_errere ;_syslema! i :  grrors* in thg parametegs
To  s tudy  these  e r ro rs ,  ca l cu la t i ons  we re  based  on
the  e thyne  s t ruc tu re  o f  t ab le  V I .1 .  Obse rved  s t ruc tu re  f ac to rs
F (exp )  l ve re  ca l cu la ted  f rom th i s  s t ruc tu re  by  mak ing  use  o f
mo lecn la r  sca t te r i ng  f ac to rs .  F (a t )  va l -ues  a re  ob ta ined  f ron
the  co r respond ing  f ree  a tom mode l .  The  d i f f e rence  dens i t y
D ( e x p ) ,  ( f o r m u l a  6 . 3 , 1 ) ,  i s  l i t t l e  e f f e c t e d  b y  n e g l e c t i n g  ^  1
re f l ec t i ons  w i th  S  =  2s inOA va lues  h lghe r  t han  app rox ,  1 .8  X - ' .
A l so  sma l1  e r ro rs  occu r  f r om neg lec t i ng  t he  weakes t  re f l ec t i ons
provj -ded that  thev are a smal l  percentage of  a l1 ihe ref lect ions
* i t i ,  o  <  S  <  z ,+  R - t .  F ig  V I .6 ,  cu rve  d ,  g i ves  a  d i f f e rence
densl ty  in  rvh ich the omit ted number of  weak ref lect ions is  1, /3
o f  t h e  t o t a I .
Molecul -ar  and atomlc scat ter i .ng factors for  ethyne are
cons ide red  i n  f i g  V I .3 .  The i r  d i f f e rence^ (g i ven  on  the  ave rage
b y  R  i n  f i g  V I . s )  i s  l a r g e s t  a t  S  =  O . 7  A - ' .  W h e n  a  m o d e l
consist ing of  f ree spher lca l ly  symrnetr j -c  atoms j ,s  adjusted to
the F(exp)  values g iven above dur ing a low-order  least  squares
ref inement  ,  large changes 1n the coordinates and temperature
fac to rs  o f  C  and  H  occu r  ( t ab le  V I .2 ) .  I t  shou ld  be  no ted  tha t  t he
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w i t h  t h e  ( u - ( t o t a r ) )
and  each  d i rec t i on ,  bu t
i ons  whe re  poss ib le .
are ascr ibed to independent
82
changes are only par t ly  reduced by use of  the spl l t -a tom
rnethod.  The systemat ic  errors can be kept  smal l  (a lso for
B (H)  i f  f ( s tewar t )  1s  used )  by  ca r r y i ng  ou t  h igh -o rde r
r e f i n e m e n t s  ( s e e  H O  i n  t a b l e  V I . 2 ) .
lugSss !eg imlrcvsments_f  or_the_exper:menta l  work
F rom f i g  V I .1  (a  =  t heo re t i ca l  dens i t y  f o r  e thyne ,
b  =  d i f f e rence  dens i t y  ca l cu la ted  acco rd ing  to  expe r imen ta l
p rocedu res )  i t  can  be  conc luded  tha t  t he  d i f f e rence  dens i t y
ob ta lned  a f t e r  re f i nemen t  o f  t he  s t ruc tu re ,  g i ves  a  s t rong l y
reduced  p l c tu re  o f  t he  bond ing  e f f ec t s .  F rom f i g  V l . 6  and
tab le  V I . z  i t  can  be  conc luded  tha t  t h i s  i s  due  to  e r ro rs
i n  t h e  p a r a m e t e r s  ( s e e  d i s c u s s i o n  o f  t a b l e  V I . 2 ) ,  r a t h e r
than  to  se r i es  t e rm ina t i - on  e f f ec t s .  To  ob ta ln  re l i - ab le
d i f f e rence  dens i t i es ,  h i gh -o rde r  re f l ec t i ons  as  we l l  as  1ow-
o rde r  re f l ec t i ons  w i th  accu ra te  i n tens i - t i es  a re  needed .  The
j-ntensi ty  measurements should therefore be done at  low
tempera tu res  (p re fe rab l y  rHe - tempera tu re '  ) .  Random e r ro rs
mus t  be  kep t  sma l l  and  sys tema t i c  e r ro rs  (due  to ,  f o r
i ns tance ,  t he rma l  d i - f f use  sca t te r j - ng ,  d l spe rs ion  o f  t he
X- rays  o r  doub le  re f l ec t i on )  mus t  be  avo ided  o r  e l im ina ted
b y  c o r r e c t i o n  ( J .  L .  d e  B o e r ,  F .  v a n  B o l h u i s ,  R . B .  H e l m h o l d t ) ,
I f  h i gh -o rde r  re f l ec t i ons  canno t  be  measu red ,  use  shou ld
be  made  o f  neu t ron  d i f f r ac t i on  i n  add i t i on  t o  X - ray
d i f f r ac t i on  (as  known  f rom the  l l t e ra tu re ) .  A  recen t
re f i nemen t  me thod  p roposed  by  S tewar t  ( L973 ;  t o  be  pub l i shed )
rn u, i r ich deviat  j -ons f  rom spher i -ca l  symmetry due to cheni ica l
bonding are in t roduced in a f ree atom model  by the use of
m n l t i p o l e s ,  s h o u l d  b e  i n v e s t i g a t e d  f u r t h e r .
--J
J T E I , L T
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